The facial whiskers of mice project through several synapses to anatomically distinct structures called barrels in the contralateral cerebral cortex. With appropriate illumination, individual barrels can be recognized and dissected from unfixed, freeze-dried tissue sections taken parallel to the plane of layer IV. The tissue then can be analyzed using quantitative microhistochemical techniques to determine the level of various substances of biological importance (W. D. Dietrich, D. Durham, 0. H. Lowry, and T. A. Woolsey (1981) J. Neurosci. 1: 929-935). The present paper describes results obtained in this way from adult mice subjected to a chronic "sensory deprivation"
stem from which some cells send axons across the midline to a similar representation in the ventrobasal complex of the thalamus. Cells in the thalamus project to groups of granule cells called barrels in the somatosensory neocortex that are three synapses away from the somatosensory periphery (Woolsey and Van der Loos, 1970) . The organization of the pathway can be easily demonstrated using a histochemical stain for the mitochondrial enzyme, succinic dehydrogenase (e.g., Woolsey et al., 1981; Belford and Killackey, 1979; Killackey and Belford, 1979) . It is known that damage to selected groups of whiskers early in the animal's life will produce consistent and predictable changes in the anatomical organization of the cortex (Van der Loos and Woolsey, 1973; Woolsey and Wann, 1976) and the intervening substations (Belford and Killackey, 1980; Durham, 1982) .
Recently, Wong-Riley and Welt (1980) showed that another mitochondrial enzyme, cytochrome oxidase, also
The Journal of Neuroscience Histochemical Effects of Sensory Deprivation 1609 demonstrated histochemically, was present at reduced levels in the relevant barrels following damage to the selected groups of whiskers in adult animals. To understand this phenomenon better, we applied our quantitative microhistochemical techniques to the cortical barrels (e.g., Lowry and Passonneau, 1972; Dietrich et al., 1981) . We examined the time course of changes in the cortex produced by sensory deafferentation in the adult and used these quantitative techniques to demonstrate the extent of the changes. A necessary prerequisite was to show that the relevant structures, namely the barrels, could be identified in tissue sections which are unfixed and unstained to protect the integrity of the relevant proteins. Certain key enzymes in energy metabolism were assayed in this way-frequently, several enzymes from the same barrel-to characterize the central nervous system response to the peripheral perturbation.
The principal findings of the study were that there were significant changes in the levels of the enzymes measured as a function of time after the damage to the whiskers in the adult animal and that most of the changes had approached stable levels 60 days after the initial insult (Dietrich et al., 1981) .
Wong-Riley and Welt (1980) reported a second major finding: "sensory deprivation" in the adult animal results in changes in the observed intensity of cytochrome oxidase staining. An advantage of the rodent trigeminal system is that it is possible to separate a sensory deafferentation (damage to the peripheral nerves and their processes) from a sensory deprivation (removal of the whiskers alone without damage to the sensory endings). A natural extension of our quantitative histochemical studies was to examine the consequences of chronic whisker removal (a sensory deprivation) on quantitatively determined levels of various energy-related enzymes in the barrels and, further, to see whether any changes could be reversed when the whisker hairs were allowed to grow back (a reversal of the sensory deprivation). We report here the results of such an experiment and show that a chronic sensory deprivation does result in substantial changes in the levels of a number of energyrelated enzymes in the brain. However, to our surprise, the changes are not found on the side of the brain which is related to the reduced tactile input but rather on the opposite side which is related to the intact sensory periphery and which presumably receives increased natural stimulation during this experiment.
Materials and Methods
Animals and manipulations. Swiss Webster mice of both sexes were used. The animals were bred in the laboratory. All animals were at least 60 days old at the time of the initiation of the experiments. The whiskers on one side of the face were clipped with iridectomy scissors every other day for 60 days. In about half of the animals, the whisker removal was done under light barbiturate (Nembutal) anesthesia, and in about half of the animals, the procedure was done without anesthesia. Care was taken to cut the whiskers cleanly at or near the skin surface under a dissecting microscope without trauma to the hair follicles and to minimize stimulation of the whiskers during clipping. Some animals were sacrificed after 60 days of the whisker clipping, the sensory deprivation. After the 60-day sensory deprivation, others were allowed to survive for 15 or 45 days longer without additional clipping. Within 8 to 10 days after the clipping is stopped, the whiskers approach their normal length and diameter (Ibrahim and Wright, 1975) . Three or four animals were used to determine the values for each time point.
Tissue preparation, All animals were decapitated and the heads were submersed immediately in liquid nitrogen chilled to its freezing point (-210°C) by partial evaporation under vacuum. The frozen brains were dissected out in a -20°C cold room and divided along the midline. The hemispheres were sectioned serially at 20 pm in a cryostat (-20°C) in a plane parallel to layer IV of the somatosensory cortex. The sections were dried overnight at -35°C under vacuum and stored at -35°C until the analyses were carried out. The dried sections were viewed under a dissecting microscope on a translucent Lucite plate illuminated from below (Lowry and Passonneau, 1972) . In unstained sections of this kind, it is possible to identify the barrels of layer IV readily and to dissect out individual identified barrels with special microinstruments for further analysis. Typically, three to four barrels from each hemisphere of an experimental animal were taken for analysis (see Dietrich et al., 1981, Fig. 1 ). In addition, as internal controls, small samples were taken from layer IV of the visual cortex to determine the levels of the enzymes citrate synthase and malate dehydrogenase in the two hemispheres of two animals after the 60-day sensory deprivation.
Analytical procedures. Small tissue samples weighing as little as 20 ng were weighed on a quartz fiber fishpole balance and analyzed as previously described (Dietrich et al., 1981) . These analyses permitted the levels of the enzymes studied to be determined quantitatively.
Results
For each of the three enzymes studied in detail, we found changes in activity as a consequence of the experimental manipulation and, further, the enzymatic levels returned to normal values over time once the sensory deprivation was "reversed." This was an expected result. However, the site and the direction of the changes were quite unexpected. Namely, the enzyme levels did not change in the barrels of the cortex receiving direct inputs from the clipped whiskers but rather in the barrels of the cortex associated with the intact sensory periphery. Detailed data are shown for the mitochondrial enzyme citrate synthase in Figure 1 . For comparison, we include data taken from animals in which selected whisker follicles were damaged by electrocautery 60 days prior to sacrifice (Dietrich et al., 1981) . The normal levels are from nonexperimental animals. Sixty days after the whisker damage, the barrels associated with the damaged whiskers show a fall in the level of activity of this enzyme to about 70% of normal. After 60 days of whisker clipping, enzyme levels in the barrels associated with the clipped whiskers were near normal, while in contrast, the enzyme in the barrels related to the intact hairs on the opposite side showed an increase which approached 140% of normal. After the deprivation was stopped, enzyme levels in Figure 1 . Activity of citrate synthase in cortical barrels 60 days after cautery of follicles to selected vibrissae or chronic clipping of the whiskers from one side of the face. The dashed line indicates the mean level of this enzyme (5.28 mol/kg dry weight/hr) determined from normal nonexperimental animals. The paired data points represent the mean value + SE for three to four barrels from two or three different animals. The data for the barrels related to cauterized follicles in this figure and Figure 3 are from a previous publication (Dietrich et al., 1981) . After whisker cautery, changes are observed in the barrels contralateral to the manipulation, while after whisker clipping, changes are seen in the barrels ipsilateral to the manipulation. When the whiskers grow back, the levels fall to normal. M/kgD/hr, Moles per kg dry weight per hr.
Citrate Synthase the barrels related to the deprived side stayed near normal, while those in the barrels related to the intact side fell so that, 45 days later, levels of this enzyme were essentially normal on both sides. Trends similar to those observed for citrate synthase were seen in the data obtained for the enzymes malate dehydrogenase (mitochondria and cytosol) and glycogen phosphorylase (cytosol) (Fig. 2) . Thus, there are significant differences in the nature and site of the enzymatic changes observed in the two different experiments-deafferentation and sensory deprivation.
As a simple control, we examined the levels of the enzymes citrate synthase and malate dehydrogenase in layer IV of the visual cortex of two of the animals after the 68day whisker clipping. The levels of these enzymes, determined from four samples from each hemisphere, were virtually identical on the two sides of the brain: the values for citrate synthase were 6.40 -I 0.40 mol/kg dry weight/hr in the right cortex and 6.57 + 0.62 mol/kg dry weight& in the left cortex; the values for malate dehydrogenase were 25.4 + 1.35 mol/kg dry weight/hr on the right and 24.7 + 1.10 mol/kg dry weight/hr on the left.5 These findings indicate that the changes in enzyme levels that we report are probably specific for the barrel cortex and not the consequence of more global changes differentially affecting the cortex of one hemisphere. Figure 3 compares some of the results for the three enzymes from Figure 2 with our previous results obtained after whisker damage. In the cases of citrate synthase and malate dehydrogenase, deafferentation produces a substantial reduction in the levels in the barrels associated with damaged whiskers; the levels are nearly normal in the barrels associated with clipped whiskers but are increased significantly in the barrels on the opposite side (i.e., associated with the intact whiskers). The difference between the barrels associated with the cauterized whiskers and the barrels associated with the intact whiskers ' The levels of both enzymes are 20 to 25% higher than those determined for the barrel cortex in normal control animals. Regional variations of this type are well described in the brain (e.g., Strominger and Lowry, 1955 Figure 2 . The levels of three enzymes in adult mouse barrels after 60 days of whisker clipping and 15 and 45 days after the whisker clipping is stopped. (The error bars indicate +SE for up to seven animals in each of which one to four barrels were analyzed, which is the reason for the differences between the values in this figure and Fig. 1 .) The stippled bars indicate the levels in the barrels contralateral to the clipped whiskers. None of these enzyme levels are significantly different from those in normal animals (dashed lines). The solid bars indicate the levels in the barrels ipsilateral to the clipped whiskers (i.e., those receiving inputs from the intact whiskers). For all three enzymes, the levels are elevated significantly after 60 days of deprivation and are within normal limits within 45 days after the whiskers are allowed to grow back. M/kgD/hr, Moles per kg dry weight per hr. Normalized histograms comparing enzyme levels in the barrels associated with cauterized follicles (hatched bars), barrels associated with clipped whiskers (stippled bars), and barrels associated with the intact whiskers on the side of the face opposite to the clipped whiskers (solid bars). The error bars indicate +SE as described in the previous figure. The dashed lines indicate the levels for normal adult mice. The values were taken 60 days after the initiation of the manipulation (i.e., follicle cautery and whisker clipping). To show the relative range of the changes observed, the differences in the means (hatched versus solid bars) are expressed as a percentage of normal values.
in the clipped animals is nearly 2-fold in the two experimental conditions. The third enzyme is of interest since the levels of glycogen phosphorylase rise in both the barrels associated with damaged whiskers and those associated with whiskers on the intact side of the deprived animals. This is in contrast to the behavior of the other two enzymes and indicates a differential response to the particular experimental manipulations employed in our studies. Nevertheless, this change, as that for the other enzymes, is reversed when the sensory deprivation is reversed.
Discussion
This study extends our findings on "plasticity" in the metabolic machinery of the nervous system. The principal findings are that the levels of certain energy-related enzymes in the adult central nervous system change in response to chronic sensory deprivation and that these changes are reversible over time when the integrity of the sensory periphery is restored. In particular, the levels of three energy-related enzymes increase in the ipsilateral cortex in response to a simple sensory deprivation of the
